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An upper l i m i t  on the column density of ,the hydroxyl r ad ica l  

i n  the  ea r th ' s  upper atmosphere was determined with a rocket-borne 

scanning spectrometer using resonance fluorescence techniques i n  
2 2 the  near u l t r a v i o l e t .  The (0-0) band of the A C - X IJ t r ans i t ion  a t  

0 

3064 A was studied between 60 and 108 km under evening twil ight  

conditions from Wallops Island,  Virginia, 27 June 1969. The so la r  

zeni th  angle was 92 degrees. 

Pa r t i cu la r  a t t en t ion  i s  given t o  the  problem of determining 

the Rayleigh sca t te red  background to  allow an accurate determination 

of the  column emission r a t e  from the OH molecule. An emission r a t e  

f ac to r  ca lcu la t ion  f o r  OH i s  presented which considers the  ro ta t iona l  

s t ruc tu re  of the molecule and the e f f e c t  of absorption by OH i n  the 

so la r  atmosphere. Using t h i s  emission r a t e  f ac to r  the upper l i m i t  on 
12 -2  the  column densi ty  of OH is found to  be 6 x 10 cm a t  65 km, 

3 x 1 0 l ~ c m - ~  a t  75 km and 7 x l ~ l ' c m - ~  a t  85 km. 
The d issoc ia t ion  r a t e  f o r  water vapor was calculated using 

a high reso lu t ion  analysis  of the  O2 absorption cross section.  A 

s ign i f i can t  amount of H20 d issociat ion was found t o  occur throughout 

the mesosphere down t o  the stratopause. A mesospheric oxygen- 

hydrogen model which includes diffusive t ransport  of water vapor and 

the recalculated H20 dissoc ia t ion  r a t e  i s  considered i n  order t o  in- 

t e r p r e t  the experimental r e s u l t s .  

It i s  demonstrated t h a t  the upper l i m i t  on the hydroxyl column 

density requ2res the  eddy diffusion coef f ic ien t  t o  be 
6 2 

Icss than 4 x 10 cr; / S ~ C  In t h e  lowcr. mcsosnhcrc. A model fo r  the 

concentration of H,  OH, H 0 2  and H 0 i n  the mesosphere i s  presented 2 -6 
using a water vapor mixing r a t i o  of 5 x 10 a t  50 km and an eddy 

6 2 d i f fusion coe f f i c i en t  of 1 x LO c m  /set, 



INTRODUCTION 

Discovery of the  hydroxyl vibrat ion-rotat ion bands by Meinel 

(1950) provided the f i r s t  d i r e c t  observational evidence for  the  

existence of r eac t ive  hydrogen species i n  the  mesosphere of the  

ear th .  Rocket-borne measurements of OH infrared emission (see for  

example Packer,, 1961  o r  Tarasova, 1963) have s ince  located the  peak 

i n t e n s i t y  a t  about 80 f 3 km. While these infrared emission 

fea tures  demonstrate the  existence of OH i n  t h e  upper atmosphere, 

it i s  present ly  impossible t o  determine a densi ty  p r o f i l e  from 

the volume emission r a t e  because of several  problems : 

(1) The emitted in tens i ty  i s  more indica t ive  of the  r a t e  of 

formation of OH than of i t s  ac tua l  density,  as the primary 

mechanism i s  H + O3 -t OH* + 02. 

(2) The r e l a t i v e  effectiveness of the  formation mechanisms 

f o r  populating the various v ibra t iona l  levels  i s  unknown. 

(3)  L i t t l e  agreement e x i s t s  regarding the  number of photons 

emitted from each excited molecule as i t  cascades t o  

the ground leve l .  

(4 )  The rad ia t ive  l i fe t imes of the  v ibra t iona l  t r ans i t ions  

a r e  not accurately known. 

Resonance fluorescence by OH a f t e r  absorption of so lar  rad ia t ion  

i n  the  u l t r a v i o l e t  removes these ambiguities, because the energy 

required (4 ev) precludes thermal or chemical exci ta t ion.  For the 

purpose of studying the  f luorescent emission, an u l t r a v i o l e t  scanning 

spectrometer was launched aboard a sounding rocket to  determine the 

OH column emission r a t e  resu l t ing  from the (0-0) v ibra t iona l  band 
2 2 0 

of the  A C - X 3 e lec t ronic  t r ans i t ion  a t  3064 A. A spec t ra l  
0 

reso lu t ion  of 4 A and a f u l l  wavelength scan once each kilometer 



f r o m  the commencement of da ta  acquis i t ion a t  58 km t o  apogee a t  108 h 

s ign i f i can t ly  improved both the  spec t ra l  and a l t i t u d e  resolut ion of 

the  experiment over tha t  of previous airglow surveys. The opt ica l  axis 

of the instrument was aligned approximately i n  the zenith d i rec t ion;  the 

launch took place under evening twil ight  conditions. 

f To r e l a t e  t h e  column emission r a t e  t o  a column density using t h i s  ! 
i 

method, it i s  necessary t o  ca lcu la te  the  "emission r a t e  factor" for  

resonance fluorescence, which i s  a  product of the  exc i ta t ion  source in tens i ty  j 
t 

(in t h i s  case the  so lar  f lux)  and the  appropriate sca t te r ing  cross section.  i 
i 
i 

Calculation of t h e  emission r a t e  fac tor  thus requires knowledge of the  I 
o s c i l l a t o r  s t rength  of the  v ib ra t iona l  t r ans i t ion ,  the  ro ta t iona l  l i n e  1 
s t rengths  and the  so la r  f lux  a t  each ro ta t iona l  l i n e ,  A dataereduct ion f e 

t 
technique was developed t o  determine the Rayleigh scat tered background 1 

D 
independent of t h e  spectrometer data  which i n  turn allowed an upper l i m i t  t 

t 
on the OH column densi ty  t o  be determined as a  function of a l t i tude .  i 

To i n t e r p r e t  the  experimental resul ' ts,  the  species OH, H, H02 and i 
H 0 were f i r s t  c l a s s i f i e d  i n t o  two groups according t o  t h e i r  cha rac te r i s t i c  % 

2 
l i f e t ime  against  destruct ion.  Water vapor i s  shown t o  have a  l i f e t ime  

s ign i f i can t ly  longer than t h e  character is  t i c  dif fusion time indicating 

t h a t  i t s  density p r o f i l e  i s  d ic ta ted  by transport  processes, However, 

013, H and HO have c h a r a c t e r i s t i c  l i fe t imes l e s s  than the diffusion 
2 

time i n  the region between 65 and 85 kilometers and a r e  t rea ted  by photo- 
t 

chemical equilibrium techniques. 

Diffusive t ransport  of H20 i s  regarded as the primary source of I 
mesospheric water vapor and chemical production from reactions 

involving KO H and OH i s  shotm t o  be ins igni f icant .  Models 2'  
f o r  H20 den 

d i f f u s i o n  c 

s i t i e s  between 50 and 100 km are  presented for  eddy 
5 6 2 oef f i c i en t s  between 2 x 10 and 4 x 20 e m  / s e c  and 



-6 mixing r a t i o s  of 3 x 10 5 x and 7 x a t  50 km. 

Because t h e  chemical product ion of H 0 i s  assumed t o  be small ,  
2 

t h e  d i f f u s i v e  t r a n s p o r t  s o l u t i o n  becomes mathematical ly  sepa rab le  

and can be so lved  wi thout  regard  f o r  t h e  H, OH and HO d e n s i t i e s .  
2 

The major l o s s  of H 2 0  i s  shown t o  r e s u l t  from pho tod i s soc ia t ion  
1 1 

(H20 + hv + OH + H) and r e a c t i o n  w i t h  O(  D ) ,  ( H 2 0  + O (  D) -, OH + OH) 

which c o n s t i t u t e s  t h e  u l t i m a t e  source  of r e a c t i v e  hydrogen con- 

s t i t u e n t s  i n  t h e  e a r t h ' s  upper atmosphere. For t h i s  reason,  i t  i s  

necessa ry  t o  e s t a b l i s h  a p h y s i c a l l y  meaningful water  vapor model 

b e f o r e  cons ide r ing  t h e  hydrogen photochemistry. A fundamental 

improvement i n  t h e  a n a l y s i s  i s  a r e c a l c u l a t i o n  of t h e  water vapor 

p h o t o d i s s o c i a t i o n  r a t e  us ing  t h e  e f f e c t i v e  absorp t ion  c ross  s e c t i o n  

d a t a  f o r  t h e  Schumann-Runge band system determined as -a funct ion  

of column d e n s i t y  by Hudson e t  a l . ,  (1969). These c a l c u l a t i o n s  

demonstrate  t h a t  a  s i g n i f i c a n t  amount of s o l a r  r a d i a t i o n  p e n e t r a t e s  
0 

t o  t h e  s t r a t o p a u s e  i n  t h e  wavelength reg ion  between 1800 and 2 0 0 0  A. 

The t h e o r e t i c a l  OH p r o f i l e s  which r e s u l t  from t h e  a n a l y s i s  a r e  

i n t e g r a t e d  t o  c o r r e l a t e  them a s  a func t ion  of a l t i t u d e  t o  t h e  exper- 

imenta l  r e s u l t s ,  It i s  demonstrated t h a t  t h e  OH upper l i m i t  

e s t a b l i s h e s  an upper l i m i t  on t h e  eddy d i f f u s i o n  c o e f f i c i e n t  and 

t h a t .  t h e  water  vapor r equ i red  f o r  .noc t i lucen t  c louds and water vapor 

ions  a t  80 krn, coupled w i t h  t h e  t o t a l  a v a i l a b l e  H 2 0  a t  35 km sugges ts  

a q u a n t i t a t i v e  lower l i m i t  on t h e  d i f f u s i o n  c o e f f i c i e n t .  A 

r e s u l t i n g  model. i s  then  preseneed which inc ludes  t h e  H20 ,  OH, H 

and HO number d e n s i t i e s  between 65 and 85 k i lomete r s ,  2 



A Nike-Apache r o c k e t  was launched from Wallops I s l a n d ,  Vi rg in ia ,  

on June 28, 1969, a t 0 0 : 3 6  GMT, t o  measure t h e  hydroxyl u l t r a v i o l e t  

a i rg low under evening t w i l i g h t  condi t ions .  From previous airglow 

s t u d i e s  i t  w a s  apparent  t h a t  t h e  hydroxyl emission would n o t  s i g -  

n i f i c a n t l y  exceed t h e  i n t e n s i t y  of Rayleigh s c a t t e r e d  s o l a r  f l u x  

i n  t h e  r e g i o n  between 55 and 85 km. Observations of t h e  u l t r a v i o l e t  

hydroxyl  emission p resen ted  t h e  p a r t i c u l a r  problem of  s e p a r a t i n g  

a  band emission f e a t u r e  from atmospheric Rayleigh s c a t t e r i n g  i n  a  

s p e c t r a l  r e g i o n  of h i g h l y  v a r i a b l e  s o l a r  f l u x .  The experiment 

t h e r e f o r e  sought t o  improve s i g n i f i c a n t l y  both  t h e  a l t i t u d e  r e s -  

o l u t i o n  and t h e  s p e c t r a l  r e s o l u t i o n  of t h e  d a t a  over  t h a t  of 
2  2  p rev ious  a t t empts ,  An a n a l y s i s  of t h e  A C - X n (0-0) t r a n s i t i o n  

0 

a t  a p p r o p r i a t e  mesospheric temperatures i n d i c a t e d  t h a t  a 4 A 

s p e c t r a l  r e s o l u t i o n  w a s  adequate t o  l o c a t e  t h e  peak of  t h e  emission 

f e a t u r e  r e q u i r e d  f o r  a p o s i t i v e  i d e n t i f i c a t i o n .  The wavelength 

s c a n  r a t e  of  t h e  ins t rument  was chosen t o  al low one complete scan 

each second g iv ing  an a l t i t u d e  r e s o l u t i o n  of 1 km o r  b e t t e r  through- 

ought t h e  f l i g h t .  
I n  o r d e r  t o  minimize t h e  s c a t t e r e d  l i g h t  w i t h i n  t h e  spectrometer ,  

it  i s  d e s i r a b l e  t o  maximize t h e  angle  between t h e  s o l a r  v e c t o r  and 

t h e  o p t i c a l  a x i s  of  t h e  instrument .  Also, i n  o rde r  t o  reduce t h e  

amount of l i g h t  s c a t t e r e d  back i n t o  t h e  atmospheric l a y e r  i n  which 

t h e  measurement is  taken,  t h e  e a r t h ' s  s u r f a c e  should n o t  be 

i l l u m i n a t e d  below t h e  instrument .  These requirements  coupled with t h e  

d e s i r e  t o  execute  t h e  experiment during d a y l i g h t  equi l ibr ium 

c o n d i t i o n s  e s t a b l i s h e d  t h e  l a t e  a f te rnoon launch window. 

Because t h e  atmosphere i s  n o t  t r ansparen t  i n  t h e  near  u l t r a -  

v i o l e t ,  i t  was necessary  t o  cons ider  t h e  problem of t a n g e n t i a l  

a b s o r p t i o n  along t h e  s l a n t  p a t h  between t h e  sun and t h e  s c a t t e r i n g  

molecules. The reduction i n  t h e  s o l a r  f l u x  due t o  03,  02, N2 and 



Rayleigh s c a t t e r i n g  were considered.  By graphing t h e  v e r t i c a l  

o p t i c a l  dep th  v e r s u s  a l t i t u d e  and employing t h e  Chapman func t ion ,  

the s l a n t  o p t i c a l  depth w a s  found as  a func t ion  o f  a l t i t u d e .  

Using t h e  United S t a t e s  Standard Atmosphere (1966), t h e .  O3 den- 

s i t i e s  of Krueger and McBri.de (1968), t h e  O3 absorp t ion  c r o s s  s e c t i o n s  of 

Inn  and Tanaka (1953), t h e  N c r o s s  s e c t i o n s  of Tanaka (1955) 2 
and t h e  Rayleigh s c a t t e r i n g  c r o s s  s e c t i o n  from Goody (1964), 

s imple  geometry allowed t h e  shadow h e i g h t  ( t h a t  a l t i t u d e  

above t h e  e a r t h ' s  s u r f a c e  where t h e  s l a n t  o p t i c a l  depth between t h e  

s c a t t e r i n g  molecule and t h e  sun i s  u n i t y ) t o  be  

determined. The experiment commenced wi th  a s o l a r  depress ion  

ang le  of 1.44" which corresponds t o  a  shadow h e i g h t  of 48 km. 

The s l a n t  p a t h  absorp t ion  a t  65 kin and above, where t h e  measurements 

w e r e  taken ,  w a s  n e g l i g i b l e .  

The spec t rometer  employed t h e  b a s i c  Eber t -Fas t i e  o p t i c a l  

system ( F a s t i e  1952), wi th  a  f o c a l  l eng th  of 2 5 0 m m  and a  4096 

square  mm g r a t i n g .  The instrument  may convent ional ly  be  viewed 

i n  t h r e e  p a r t s :  (1) a  d e t e c t o r  head t h a t  houses t h e  photonlu l t ip l ie r  

tube ,  t h e  e l e c t r o m e t e r  and t h e  high v o l t a g e  supply f o r  t h e  photo- 

tube ;  (2)  t h e  spectrometer  chamber wi th  a s s o c i a t e d  o p t i c s  and; 

(3 )  a bulkhead s e c t i o n  t h a t  houses t h e  28 v o l t  i n t e r n a l  power 

source  and a11 e l e c t r o n i c s  exc lus ive  of t h e  e lec t rometer .  A 

bia , - lca l i  ca thode  pho tomul t ip l i e r  wi th  a quantum e f f i c i e n c y  of 
0 

approximately 20% a t  3100 A was used (ASCOP Model 542N-01). 

The p h o t o n ~ u l t i p l i e r  tube  was c a l i b r a t e d  us ing  a  t u n g s t e n  

filament at a lcnown temperature, with a pass band filter to isolate 



the  wavelength. Comparison between the pFometer  used i n  t he  

temperature determination and a  NBS temperature s tandard ind ica tes  

a pyrometer accuracy of f 10 OK. The transmission of the  f i l t e r ,  

c a l i b r a t e d  a t  t he  National Center f o r  Atmospheric Research i s  

known t o  a prec i s ion  of f 3%. Uncertaint ies  i n  the  dimensions 

of t h e  o p t i c a l  system used i n  t h e  absolute c a l i b r a t i o n  coupled wi th  

n o n l i n e a r i t i e s  i n  t he  vo l tage  measurement devices e s t ab l i shes  an 
0 

accuracy of f 20% f o r  t h e  de t ec to r  head c a l i b r a t i o n  a t  2972 A. 
The r e l a t i v e  response of t he  tube (determined using sodium s a l -  

i c y l a t e )  and unce r t a in t i e s  i n  t h e  determination of the  op t ics  

t ransmission r e s u l t  i n  an instrument c a l i b r a t i o n  accuracy of 
0 

f 28% a t  3100 A .  This e r r o r  l i m i t  w i l l  be r e f e r r ed  t o  i n  the  

p re sen ta t i on  of the  da t a  i n  t he  next sec t ion .  



It was apparent a t  the conception of t h t s  experiment t h a t  

a very accurate removal of the Rayleigh scat tered background s ignal  

was necessary i n  order t o  r e a l i z e  an accurate determination of the 

OH column emission r a t e .  There were two problems of pa r t i cu la r  

concern. The f i r s t  resulils from the  highly var iab le  so lar  f lux  

i n  the  instrument's scan region a t  the  spec t ra l  resolut ion nec- 

essary t o  make a pos i t ive  wavelength iden t i f i ca t ion  of the 
2 2 A T: + X I1 (0-0) band of the hydroxyl rad ica l .  The second problem 

i s  created by the  inherent polar izat ion of the  Rayleigh sca t te red  

rad ia t ion .  Because the krstrwnent's grat ing transmits with an 

ef f ic iency  t h a t  depends upon the angle between the e l e c t r i c  vector 

of the  r ad ia t ion  and a given vector i n  the foca l  plane of the  

instrument, the  da ta  a r e  modulated with a period corresponding t o  

the  r o l l  r a t e  of the  rocket.  

The response of the  instrument t o  the  polarized rad ia t ion  i s  

t r ea ted  by considering a coordinate system defined by a un i t  vector 

along the op t i ca l  axis  of the instrument and a u n i t  vector or ig-  

ina t ing  a t  the  sca t te r ing  molecule pointing i n  the d i rec t ion  of 

the sun. The theory of small p a r t i c l e  sca t te r ing  (Goody, 1964), 

i s  then used t o  r e l a t e  the e l e c t r i c  vectors perpendicular t o  and 

p a r a l l e l  t o  the  sca t t e r ing  plane before and a f t e r  the  wave 

i n t e r a c t s  with the  atmospheric p a r t i c l e .  The sca t te red  wave is  

considered as two perpendicular e l e c t r i c  vectors and the instrumental 

response function i s  determined by considering the transmission of 

these vectors  separately through the instrument, 

The opt ics  transmission i s  car r ied  out using unpolarized l igh t  

and therefore  the photometric equation 



.must be corrected,  where: 

S *  i s  the  s igna l  s t rength i n  photons/sec leaving t h e  

. . instrument's e x i t  s l i t ,  

L4vJ3 i s  the  observed source in tens i ty ,  

f i s  the  instrument's focal  length, 

A i s  the  area of the grating,  
g 

*s i s  the s l i t  area,  

' e  i s  the  angle between the incident l i g h t  

and the grat ing normal. 

T ~ .  P. i s  the  unpolarized transmission function. 

The correct ion i s  accomplished by multiplying the r i g h t  hand 

s i d e  of equation (1) by a  function F(B,a,X) = T ( ~ , C Y , X ) / T ~ . ~  (A)  

t h a t  correct4 fo r  the  instruments s e n s i t i v i t y  t o  orientation'  

with respec t  t o  the sca t t e r ing  p lane - (a )  and t o  the angle between 
the o p t i c a l  axis and the so la r  vector (0) 

The parameter which spec i f ies  the degree of instrumental 

po lar iza t ion  i s  commonly designated P and i s  defined by 

where IM and Im a r e  the  maximum and minimum measured i n t e n s i t i e s  

of l i n e a r l y  polarized l i g h t  with e l e c t r i c  vectors oriented along 

the maximum and minimum axis  of the instrument's acceptance e l l i p s e .  

The correct ion function F(a,B,X) = F(y,6,0,X) = 

T ( Y , ~ , ~ , x )  /T (A) where a = 6 + y i s  given (Anderson and Meira, 19G9) 

by 
u .9 . .  

L 
]F(3/,e,,e,A> = 1 - P (1-A) + ((11-1) COO 

(COS Z y  co:: 226 + s in  Z y  s in  26) 
(A+- I )  -t- jl --LJ (a> 



The angle G i s  measured from a u n i t  vec tor  p a r a l l e l  t o  t he  

ins t rument ' s  ent rance  s l i t  i n  the  foca l  p lane  of t he  instrument 

to a u n i t  vec to r  p a r a l l e l  t o  the. rxajor ax i s  of t h e  instrument 's  

acceptance e l l i p s e .  y i s  the  angle between a u n i t  vector  p a r a l l e l  

to t he  ins t rument ' s  entrance s l i t  i n  t he  foca l  p lane  of the  i n s t r -  

ument and a u n i t  v e c t o r  perpendicular t o  t h e  s c a t t e r i n g  .plane 

def ined by t h e  instrument 's  o p t i c a l  ax i s  and the  u n i t  vector  

po in t ing  i n  t h e  s o l a r  d i r ec t ion  from the  s c a t t e r i n g  center .  By 
symmetry arguments 6 must be e i t h e r  90"  o r  0 "  because the  g ra t i ng  

r u l i n g s  which p o l a r i z e  the  l i g h t  a r e  p a r a l l e l  t o  t h e  entrance 

s l i t  of  t h e  spectrometer.  F ( y ,  6 ,  B,X) is  genera l ly  

dependent i n p l i c i t l y  on time through the  angle y as  the  rocket  

r o t a t e s  about i t s  r o l l  axis  a t  severa l  revolut ions  per  second. 

The r o l l  channel of t he  gyro suppl ies  y ( t )  throughout the  

f l i g h t  so t h e  exact  o r i en t a t i on  of t he  entrance s l i t  of t he  

spectrometer wi th  respec t  t o  the  s c a t t e r i n g  plane i s  known 

a t  a l l  times. P and 6 a r e  determined i n  the  laboratory  p r i o r  

t o  f l i g h t  by us ing a tungsten lamp and a po la r i za t ion  p l a t e  

t h a t  l i n e a r l y  po la r i ze s  the  lamps rad ia t ion .  The instrument i s  

r o t a t e d  wi th  r e spec t  t o  t h i s  laboratory system t o  determine P and 5 .  
The number of photons s t r i k i n g  the  cathode of t he  photo- 

m u l t i p l i e r  may then be w r i t t e n  

A A cos ee  2 
[ 4 ~ 4 1  g s 

(A) (1-p [ (1-a + (a-1)cos 9 
S = 

4.rr f 2  T ~ . ~ .  (A+Z + (1-a) cos 2 e I 

* ( C O S  2y cos  26 + s i n  2y s i n  26 



The c o l m n  emission rate [ 4 n 4 ]  of the Rayleigh scatter is: 

4n4RAy = nro c R R Y ( ~ / ~ )  P (COS 8) 

where 

is the incident solar flux, 

Q is the atmospheric column density, 

II is the slant column correction c o s ~ ,  

0 
RAY 

' is the Rayleigh scatter cross section, 

P(cos0)is the scattering phase function for 

Rayleigh scattering. 

For unpolarized incident radiation the phase 

function is (Goody, 1964) 

The depolarization factor, ,I, is determined empirically and 

is equal to .035 for dry air (Goody, 1964). 

The Rayleigh background signal is then obtained by substituting 



(4) in to  (3)  t o g i v e  

(4n3 )u . .  . 
S = o RAY 3 

4n 
2 P { +  1 - I - c s  e l )  

. .  . 

U.P. ; (5) 

[cos 2y C O S  26 + s i n  2* s i n  2 6 3  1 
When applying t h i s  equat ion  t o  a p a r t i c u l a r  experiment, t h e  

i n i t i a l  s t e p  i s  t o  r e p l a c e  t h e  independent v a r i a b l e  z i n  t h e  column 

d e n s i t y  of t h e  main atmosphere q (z )  w i t h  t ,  t h e  t ime measured from 

launch. This  was done by us ing  a  5 t h  degree polynomial f i t  of  t h e  

r o c k e t ' s  t r a j  e c t o r y  c o r r e l a t e d  w i t h  a  s t andard  atmosphere (CIRA, 

1965). The s o l a r  f  lwr i s  determined by pass ing  t h e  t r i a n g u l a r  
0 

s l i t  func t ion  of t h e  instrument  over t h e  h igh  (. 05 A) r e s o l u t i o n  

d a t a  (~r:ckner, 1950) d i g i t i z e d  by Furukawa e t  a l .  (1967). 

It should be recognized t h a t  a l l  q u a n t i t i e s  on t h e  r i g h t  hand 

s i d e  of equat ion  - 5  a r e  independent of  t h e  s p e c t r a l  d a t a  taken  

dur ing  t h e  r o c k e t  experiment.  S i s  c a l c u l a t e d  each mi l l i second 

throughout t h e  f l i g h t  and a magnetic t ape  i s  then  generated w i t h  

each s p e c t r a l  scan of t h e  instrument  reproduced wi th  t h e  Rayleigh 

s c a t t e r e d  background i n  p l a c e  of t h e  a c t u a l  f l i g h t  d a t a .  F i g u r e 1  

shows an  example of t h e  background c o n s t r u c t i o n  compared t o  t h e  

a c t u a l  spec t rometer  d a t a  a t  an a l t i t u d e  of  69 km, A d a t a  frame 

from t h e  f l i g h t  s i m i l i a r  t o  Figure 1 e x i s t s  f o r  each ki lometer  of 

t h e  atmosphere between 60 and 90 k i lomete r s ,  above which t h e  s i g n a l  



becomes less than t h e  pho tomul t ip l i e r  n o i s e  bevel ,  A t  t h i s  p o i n t  

i n  t h e  d a t a  r e d u c t i o n  t h e  fo l lowing p o i n t s  were apparent :  

(1) The major d e t a i l s  of t h e  Rayleigh s c a t t e r e d  background 

p r e s e n t  i n  t h e  f l i g h t  d a t a  a r e  reproduced i n  t h e  

cons t ruc ted  d a t a .  

(2) Examination o f  t h e  t h i r t y  d a t a  frames between 60 and 

90 k i lometers  r evea led  t h a t  t h e  experimental  d a t a  had 

t h e  same apparent  s c a l e  he igh t  a s  t h e  atmosphere. 

(3)  Absolute  i n t e n s i t y  agreement w a s  achieved by mul t ip ly ing  

t h e  cons t ruc ted  background by 1.15; t h e  cons tan t  was 

independent of  a l t i t u d e  and of wavelength,  

( 4 )  The ampli tude and phase of t h e  r o l l  induced modulation 

i n  t h e  spec t rometer  d a t a  i s  f a i t h f u l l y  reproduced i n  

t h e  cons t ruc ted  background. 

(5) The s o l a r  f l u x  d a t a  used i n  t h e  background c o n s t r u c t i o n  

( taken w i t h  a spectrograph)  has some apparent  f i l m  

blemishes t h a t  appear as  emission f e a t u r e s  

n o t  p r e s e n t  i n  t h e  p h o t o e l e c t r i c  d a t a  taken  dur ing  t h e  

f l i g h t .  

Each vmvelength scan  above 65 1:x was analyzed by s u b t r a c t i n g  

t h e  c o n s t r u c t e d  background from t h e  f l i g h t  da ta .  The wavelength 
0 

i n t e r v a l  i n  t h e  v i c i n i t y  of 3090 A was then  examined t o  e s t a b l i s h  

t h e  maximum d i f f e r e n c e  between t h e  cons t ruc ted  background and t h e  

spec t rometer  d a t a  a t  t h e  peak i n t e n s i t y  of t h e  OH t r a n s i t i o n ,  This 

r e s u l t e d  i n  t h e  experimental  de terminat ion  of an upper l i m i t  on t h e  

column emission r a t e  of t h e  hydroxyl r a d i c a l  shown i n  Figure 2 .  

The emiss ion  r a t e  f a c t o r ,  which i s  t h e  p r o p o r t i o n a l i t y  f a c t o r  

between t h e  column emission r a t e  and t h e  column d e n s i t y ,  was c a l c u l a t e d  

by c o n s i d e r i n g  t h e  r o t a t i o n a l  t r a n s i t i o n s  of  t h e  rnolecule from K - 1 

t o  K = 30, where K i s  the t o t a l  angular  momentum apart front s p i n  f o r  each 

of the  1 2  branches i n  t h e  v i b r a t i o n a l  band, The c a l c u l a t i o n  assumed t h a t  



2 t he  molecule was i n  the  ground v ib ra t iona l  l e v e l  of the X 

(ground) s t a t e .  This approximation i s  accurat.e t o  about one percent 

if t h e  q u i t e  reasonable assumption i s  made t h a t  each OH molecule 

i s  c r ea t ed  i n  an exc i ted  v i b r a t i o n a l  s t a t e  and t h a t  an average 
-'2 of 4 t r a n s i t i o n s  occur w i th  a r a d i a t i v e  Lifetime of 10 seconds, 

I ,  as t h e  l i f e t i m e  of OH i s  approximately 5 seconds i n  t h e  lower and i.  
i S 

middle mesosphere. The emission r a t e  f a c t o r  f o r  t he  e n t i r e  band 

w a s  ca l cu l a t ed  t o  be 4.3 x photons/sec. 

Er rors  inherent  i n  t h e  ca lcu la t ions  a r e  important.  As 

mentioned i n  t h e  in t roduc t ion ,  the  o s c i l l a t o r  s t r e n g t h  f o r  the  band 

and t h e  s o l a r  f l ux  a t  each r o t a t i o n a l  l i n e  i n  t h e  Eand must be known. 

The o s c i l l a t o r  s t r eng th  of Golden e t  a l .  (1963) of 7 . 1  f '1.1 x I 

I 

con t r ibu t e s  an e r r o r  of f 16% and t h e  s o l a r  f l u x  values con t r ibu te  

f 20% (~urukawa e t  a l .  1967). However, an add i t i ona l  

problem i s  created by the  existence. of OH a t  t h e  temperature minimum 

i n  t h e  s o l a r  atmosphere which must be accounted f o r  by an accurate  

recons t ruc t ion  of t he  FraunhoEer s t ruc tu re .  The ground based d a t a  

of ~ r & n e r  (1960) taken wi th  an instrument of h a l f  width equal t o  
0 

33 m A  were corrected f o r  instrumental broadening a n d  the  depths of 

t h e  absorpt ion l i n e s  were determined t o  wi thin  f 5 percent .  There- 

fo re ,  when the  emission r a t e  f a c t o r  with i t s  associa ted e r r o r  ba r  

i s  divided i n t o  t h e  column emission r a t e  t h e  r e s u l t i n g  column densi ty  

i s  accura te  t o  f 65 percent .  The r e s u l t i n g  upper l i m i t  i s  displayed 

as a funct ion of a l t i t u d e  in  Figure 3 with t he  experimental e r r o r  

shown by t h e  e r r o r  bars  t o  the  r i g h t  of t he  measurement. The 

remainder of t he  d iscuss ion w i l l  focus on the  i n t e r p r e t a t i o n  of this 

upper l i m i t ,  



THE ROLE OF UPPER ATMOSPHERIC WATER VAPOR 

A d i s t i n g u i s h i n g  c h a r a c t e r i s  t i c  of oxygen-hydrogen chemistry 

i n  t h e  mesosphere i s  t h a t  a11 of t h e  hydrogen s p e c i e s  may be c l a s s i -  

f i e d  i n t o  two d i s t i n c t  groups according t o  t h e i r  l i f e t i m e  a g a i n s t  

d e s t r u c t i o n .  Water vapor and molecular hydrogen a r e  s t a b l e  and 

possess  l i f e t i m e s  exceeding t h e  c h a r a c t e r i s t i c  d i f f u s i o n  time 
2 H / D ~ ,  where H i s  t h e  c o n s t i t u e n t  s c a l e  he igh t  and DE is  t h e  eddy 

d i f f u s i o n  c o e f f i c i e n t .  This  impl ies  t h a t  one must account f o r  t h e  

t r a n s p o r t  o f  H20 and H2 between d i f f e r e n t  a l t i t u d e  reg ions  i f  a 

p h y s i c a l l y  meaningful r e s u l t  i s  t o  be expected, On t h e  o t h e r  hand 

H, OH and H02 a r e  e a s i l y  oxid ized  by e i t h e r  atomic oxygen o r  ozone 

which e s t a b l i s h e s  a  s t r i c t  i n t e r n a l  photochemical equ i l ib r ium 

between t h e  t h r e e  c o n s t i t u e n t s .  The keac t ion  between H and H02 

which forms Hz i s  s u f f i c i e n t l y  r a p i d  t o  i n s u r e  t h a t  t h e  H - OH - H02 

system remains i n  photochemical equ i l ib r ium throughout t h e  mesosphere, 

(a poor assumption above 8;)'hm). Unser equi l ibr ium cond i t ions  t hc  OH, H 

and HO d e n s i t i e s  may be determined by equat ing t h e  chemical product ion 
2 

and l o s s  terms,  neg lec t ing  t r a n s p o r t  e f f e c t s  a l t o g e t h e r .  This s e p a r a t i o n  

according t o  c h a r a c t e r i s t i c  l i f e t i m e  i s  a  c e n t r a l  f e a t u r e  of t h e  chemistry 

presented  i n  t h e  s e c t i o n s  t h a t  fol low.  

An a n a l y s i s  of t h e  chemical r e a c t i o n s  r ecyc l ing  H20 from H, H02 

and OH show them t o  be incapable of maintaining s i g n i f i c a n t  amounts 

of water  vapor a t  a l t i t u d e s  much above 65 km. A key r e s u l t  of t h i s  

is  t h a t  i f  water  i s  p r e s e n t  a t  t h e  mesopause i t  must be t r a n s p o r t e d  

t h e r e ,  probably by eddy d i f f u s i o n .  A s  h igher  a l t i t u d e s  i n  t h e  mesos- 

phere a r e  cons idered  t h e  i n c r e a s i n g l y  i n s i g n i f i c a n t  H 0  product ion  from 
2 

H, Hog and OH a l s o  means t h a t  t l r  problem may be separa ted  mathematically 

because t h e  c o n t i n u i t y  equat ion f o r  water  vapor may be  solved w i t h o u t  



regard f o r  the  H,  OH and H02 dens i t ies .  Therefore, t h e  problem 

of mesospheric hydrogen chemistry w i l l  be approached by f i r s t  es- 

tab l i sh ing  a r e a l i s t i c  model fo r  water vapor. 

Molecular hydrogen i s  a l so  controlled by diffusion,  but i t  

is so s t a b l e  ( l i f e t ime  - 10' sec) t h a t  i t s  formation by the react ion 

H + H02 = H2 + O2 e f fec t ive ly  removes the hydroxyl and perhy- 

droxyl molecule permanently from the  hydrogen reac t ion  scheme. H2 
may thus be disregarded as an ac t ive  partner i n  the production 

of H20, H, OH and H02. 

The t o t a l  amount of water vapor avai lable  a t  the  stratopause 

has been the  subject  of a number of s tudies ,  both experimental (see 

f o r  example Mastenbrook, 1968) and theore t ica l  ( for  example Nicolet, 

1964). Although the  exact mixing r a t i o  a t  50 km i s  not  known, i t  i s  

f e l t  t ha t  a range of values between 3 and 7 p a r t s  per mill ion 

adequately encompasses the range of probable values. An analysis 

of the  dependence of the  calculations t o  be presented upon the 

p a r t i c u l a r  mixing r a t i o  chosen w i l l  show t h a t  the  diffusion 

coe f f i c i en t  i s  the c r i t i c a l  parameter determining upper mesospheric 

water content and not the  par t icu lar  mixing r a t i o  chosen a t  the 50 la 

l eve l .  In  order t o  es tab l i sh  a water vapor model, the  loss  processes 

w i l l  be examined f i r s t .  
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TABLE I 

Wavelength Interval  Resolution Source - 
1214 - 1217 k .015 o H Bruner and Rense (1969) 

900-1550 , 2  A Brinkmann e t  a l .  (1966) 

1550-1760 50 Hinteregger e t  a l .  (1965) 

1760-2060 .2  j; o Brinkmann e t  a l .  (1966) 

2060-2100 A .1 A Furukawa e t  a l .  (1967) 



H20 LOSS PROCESSES 

Two dissociat ion mechanisms, photodissociation and reac t ion  
1 

with O( D ) ,  a r e  thought t o  predominate i n  the destruct ion of water 

vapor above the  s t ra tosphere .  A calculat ion of the  H20 photo- 

d issoc ia t ion  r a t e  using recent ly  determined e f fec t ive  0 2 Schumann- 

Runge band absorption cross sections measured as a  function o f  

column density demonstrates tha t  photodissociation i s  s ign i f i can t  
1 

throughout the  mesosphere, dominated by O( D) below perhaps 60 km. 

Incident so lar  photons d issoc ia te  water vapor a t  a r a t e  given 

by 

u exp [- (xO (2) 0 + 2 (210 + qH 0 (Z) 0H20 
3 O2. O3 *O3 2 1 

where 

[vJQ(h)] i s  the  so la r  f lux  a t  the top of the atmosphere reduced 

by a  f ac to r  of n t o  average over the  ear th ' s  ro ta t ion  

( l i f e t ime  of water vapor s ign i f i can t ly  exceeds one day) 

a i s  t h e  absorption cross section 

q(Z) i s  the  column density above 0 height z 0 

The calculat ion was car r ied  out i n  10 A in te rva ls  from 900 t o  2100 A 

between 50 and L O O  Zcrn i n  1 Zcm i n t e rva l s ,  The so la r  f lux data  were 

talcen from the sources l i s t e d  in Table I. With the  exception of  t h e  

r eg ion  near  t h e  Schumann-Ruilge band system, a running average was 



8 

t aken  over each 18 A i n t e r n a l  and t h a t  va lue  was assigned t o  t h e  

central wavelength i n  t h e  region,  Table I1 r e p r e s e n t s  a t a b u l a t i o n  

of t h e  a b s o r p t i o n  c r o s s  s e c t i o n  sources used i n  t h e  c a l c u l a t i o n ,  

The p a r t i c u l a r l y  c r i t i c a l  r eg ion  i n  t h e  c r o s s  s e c t i o n  de terminat ion  
0 .  

i s  f o r  wavelengths g r e a t e r  t h a n  1750 A f o r  O2 absorp t ion  i n  t h e  

Schumann-Runge band system. This can be understood by examining 

t h e  wavelength dependence of t h e  absorpt ion  c r o s s  s e c t i o n s  f o r  0 
2 

and H20  i n  F i g u r e  4. The p e n e t r a t i o n  of e f f e c t i v e  s o l a r  energy i n t o  
0 

t h e  mesosphere i s  cons t ra ined  t o  t h e  ve ry  narrow i n t e r v a l  between 1800 A 
0 

and about  2050 A, above which t h e  H 0 c ross  s e c t i o n  become n e g l i g i b l y  2 
s m a l l .  Th i s  wavelength reg ion  has been s t u d i e d  i n  d e t a i l  (see f o r  

example Thompson e t  a l . ,  1963; Watanabe, 1958; Blake e t  a l . ,  1966).  

However, a n  i n v e s t i g a t i o n  of t h e  column d e n s i t y  dependent e f f e c t i v e  

c r o s s  s e c t i o n  f o r  O2 i n  t h e  Schumann-Runge band system was c a r r i e d  o& 

by Hudson e t  a l . ,  (1969) i n  a  s tudy of atomic oxygen product ion from 

O2 i n  t h e  atmosphere of t h e  e a r t h .  The e f f e c t i v e  c r o s s  s e c t i o n  w a s  

found t o  be a d i s t i n c t  f u n c t i o n  of column d e n s i t y  a t  O2 o p t i c a l  

depths encountered between 50 and 100 k i lometers  i n  t h e  e a r t h ' s  

upper atmosphere. The o r i g i n a l  a t t e n u a t i o n  d a t a  k i n d l y  suppl ied  by 

Hudson (1970), were used t o  c a l c u l a t e  t h e  e f f e c t i v e  c r o s s  s e c t i o n s  

p resen ted  a s  a f u n c t i o n  of a l t i t u d e .  i n  Figures  5 t o  8. The conversion 

from a l t i t u d e  t o  column d e n s i t y  employed t h e  U.S. Standard Atmosphere 

(1966) O2 model. 



TABLE 11 

Wavelength I n t e r v a l  Reference 

1214-1217 Watanabe (1958) 

Watanabe (1958) 

Hudson e t  a l .  (1969) 

Ditchburn and Young (1962) 



Accounting f o r  t h i s  column d e n s i t y  dependence 

r e s u l t s  i n  s i g n i f i c a n t l y  l a r g e r  va lves  for the water  vapor 

d i s s o c i a t i o n  r a t e ,  
~ $ 0 '  

i n  t h e  lower mesosphere when compared wi th  

d i s s o c i a t i o n  r a t e s  ca  c u l a t e d  us ing  averaged c r o s s  s e c t i o n s  f o r  

0 determined a t  only  one column dens i ty .  To demonstrate t h i s  t h e  2 0 0 

s p e c t r a l  r e g i o n  between 900 A and 2200 A 0 was broken i n t o  0 5 s u b d i v i s i o n s :  
0 

900 - 1214 A, Lyman-alpha (1214 - 1217 A), 1217 t o  o 1750 A, t h e  

Schumann-Runge band reg ion  between 1750 and 1973 A and t h e  continuum 
0 

from 1973 t o  2200 A. The c o n t r i b u t i o n  t o  t h e  wa te r  vapor d i s s o c i a t i o n  

rate f o r  each reg ion  i s  p l o t t e d  i n  Figure 9. F igure  10 d i s p l a y s  t h e  

sum of a l l  s p e c t r a l  reg ions  and compares t h a t  sum t o  a low r e s o l u t i o n  

survey s i m i l a r  t o  t h a t  used by Hesstvedt (1968). Also inc ludea  i n  
1 -10 3 Figure  10 i s  a  p l o t  of t h e  0 (  D) concen t ra t ion  t imes 10 cm /sec  

which i s  t h e  r a t e  c o e f f i c i e n t  ( ~ i c o l e t ,  (1970) ) appropr ia te '  t o  

The sum of t h e  d i s s o c i a t i o n  r a t e  and t h e  r a t e  of H20 d e s t r u c t i o n  by 
1 

O( D) may be  termed t h e  l o s s  c o e f f i c i e n t  f o r  water  vapor J '  where: 

Th i s  l o s s  f u n c t i o n  i s  a l s o  d isp layed i n  Figure  10 and w i l l  be used t o  

determine t h e  water  vapor concen t ra t ion  p r o f i l e  i n  t h e  s e c t i o n  t h a t  

fo l lows.  





da DIFFUSIVE SBLWION FOR mSOSPHERIC WATER VAPOR 

Three basic  assumptions define the solut ion t o  be examined : 

(1) Diffusive t ransport  upward from the stratopause cons t i tu tes  the 

major source of mesospheric water vapor. 

I (2) The losses  through photolysis and reac t ion  with O( D) represent 
# 

the major s ink f o r  H20 molecules. 

(3)  The charac ter i s  t i c  l i fe t ime of water vapor i s  s u f f i c i e n t l y  

long t h a t  i t s  diurnal  var ia t ion  i s  negl igible .  

Chemical reactions tha t  recycle the r eac t ive  hydrogen const i tuents  

i n t o  water vapor a r e  l i s t e d  i n  Table 111. They a r e  

incapable of replenishing water vapor t o  any meaningful degree above 

65 km. (This approximation was checked using the  model for  OH, H 

and HO presented i n  the next section.  The chemical equilibrium 2 
density of H20 amounted t o  k 5  of t h a t  presented i n  the  model a t  

65 km and .09 a t  75 km.) 

The d i f fus ion  equation f o r  water vapor was numerically integrated 

on a d i g i t a l  computer using an improved second order Runge-Kutta 

method (see McCalla, 1967). Several cases were investigated,  with 
6 6 

constant eddy diffusion coeff ic ients  of 4 x 10 , 1 x 10 and 
5 2 2 x 10 cm /sec.  The solutions .were obtained between 50 and 100 km 

i n  increments of .5 km. ~oundary  conditions were chosen such 

t h a t  the gradient  of the mixing r a t i o  always remained negative (sources 

only a t  the  lower boundary), the  mixing r a t i o  always remained pos i t ive  

and the f l u x  of molecules entering the lower boundary equaled the t o t a l  

nwber  of molecules dissociated between the lower boundary and 

i n f i n i t y .  Mixing r a t i o s  a t  50 km of 3, s a n d  7 par t s  per mi l l ion  

are  presented in Fi-gures 11, 12 and 13 respectively,  T h e  destruct ion 



coef f i c i en t  ~ " n  Figure 10 was used i n  a l l  cases. 

The solut ions  exhibi t  some notable cha rac te r i s t i c s .  It i s  

apparent f i r s t  of a l l  t h a t  the c r i t i c a l  quanti ty determtning the  

H 0 d i s t r i b u t i o n  i n  the  upper mesosphere i s  the  diffusion coef f ic ien t  
2 

and not  the  p a r t i c u l a r  value chosen fo r  the  mixing r a t i o  a t  50 km. 
5 2 

In f a c t ,  fo r  an eddy diffusion coef f ic ien t  of 2 x 10 cm /sec, the  

atmosphere a t  80 km i s  nearly devoid of water fo r  a l l  t h ree  mixing 

r a t i o s  considered. Calculations showed tha t  a  coef f ic ien t  of approximately 
5 2 6 x 10 cm /sec or  grea ter  i s  required i f  any water vapor i s  t o  be 

present  a t  t h e  mesospause. It i s  therefore u n r e a l i s t i c  t o  assume 

an approximately constant H 0 mixing r a t i o  up t o  75 km without 2 
invoking a  t ranspor t  model. 

Emmination of Figures 11 - 13 a lso  demonstrates tha t  f o r  an 
- 5  2 eddy d i f fus ion  coef f ic ien t  of 2 x 10 cm /sec, the  mixing r a t i o  grad- 

i e n t  a t  50 km i s  large f o r  a l l  th ree  solutions.  This presents an 
5 i n t e r e s t i n g  inconsistency i n  t h a t  f o r  a  coef f ic ien t  of 2 x 10 a  much 

l a rge r  water vapor concentration would r e s u l t  a t  the  40 km l eve l  (because 

of t h e  rapid downward increase i n  the mixing r a t i o )  than the t o t a l  
5 

ava i l ab le  H 2 0  supply w i l l  allow. Thus i f  a coef f ic ien t  of 2x10 i s  assumed, 

t h i s  dilemma can be resolved only by assuming t h a t  a  s ign i f i can t  re-  

duction i n  the  water vapor mixing r a t i o  takes place between 35 la ( the 

highest  a l t i t u d e  of measured H 2 0  dens i t ies )  and 50 km. Under these con- 

d i t i o n s ,  however, nearly t o t a l  ext inct ion of H 0 would occur by 70 Itm. On 2 
the  other  hand, the  "strong" eddy diffusion case represented by a  

6 2 
coef f i c i en t  of 4 x 10 c m  / s ec  i s  seen t o  maintain a nearly constant 

mixing r a t i o  between 50 and LOO km, as the r a t i o  a t  100 km i s  about 



one-half t h a t  a t  50 km. 

The next sec t ion  formulates the  oxygen-hydrogen chemistry 

e x p l i c i t l y  i n  terms of the  water vapor density. The determination 

of an experimental upper l i m i t  on OH i s  used t o  constrain the 

eddy d i f fus ion  coef f ic ien t  and the mixing r a t i o  of H20 a t  the  

base of the  mesosphere. Conclusions a r e  drawn concerning HOq and 

H which a r e  i n  equilibrium with OH throughout the  50 t o  100 km 

region. 



INTERPRETAT EON OF EXPERSMEN-TAL RESVLTS 

P h y s i c a l l y  r e a l i s t i c  t rea tments  of t h e  oxygen-hydrogen photo- 

chemis t ry  a l l  t o o  o f t e n  lead  t o  numerical  r e s u l t s  t h a t  o f f e r  l i t t l e  

p h y s i c a l  i n s i g h t  i n t o  t h e  hydrogen r e a c t i o n  system. For tuna te ly ,  as  

mentioned previous ly ,  a l t e r n a t i v e  methods e x i s t  based upon s e p a r a t i o n  

of r e a c t i n g  s p e c i e s  according t o  t h e i r  l i f e t i m e  a g a i n s t  d e s t r u c t i o n .  

F igure  14 i s  a  schematic of t h e  major r e a c t i o n s  involv ing  H 0, OH, 2 
H,  HO and H and s e r v e s  t o  demonstrate 3 important  p o i n t s :  2 2 

i 
(1)  The u l t i m a t e  source  of  r e a c t i v e  hydrogen i s  t h e  d i s s o c i a t i o n  

of  H 0 s h o ~ n  by t h e  arrows represen t ing  H 0 + hv + OH + H 2 1 2 
and H 2 0  + O (  D)  + OH + OH emanating from t h e  lower l e f thand  

corne r  of t h e  diagram 

(2) Ca lcu la t ions  show t h a t  t h e  p r i n c i p a l  te rminat ing  reac t ion5  

f o r  OH, H and H 0 2  a r e  H02+H -+ H2+02 and H 0 2  + OH -t H 2 0  + O2 

which r e p r e s e n t  a  n e t  l o s s  t o  t h e  r e a c t i v e  hydrogen chain 

because i n  t h e  f i r s t  case  molecular hydrogen i s  s u f f i c i e n t l y  

s t a b l e  t o  prevent  r ecyc l ing  and i n  t h e  second c a s e  t h e  water 

vapor produced by OH and HO does n o t  i n c r e a s e  t h e  a v a i l a b l e  2 
H 0 d e n s i t y  t o  any s i g n i f i c a n t  e x t e n t .  The r e a c t i o n s  a r e  

I 
2 , 

r a p i d  enough t o  keep t h e  OH - H - H o p  system i n  chemical equ i l -  
I 
1 

ibr ium wi th  i t s  environment. 1 
I 

(3)  Rapid o x i d a t i o n  r e a c t i o n s  involving 0 and 0 along wi th  t h e  
I 

3 
3 body r e a c t i o n  H + 0 + M -=+ HO 4 M main ta in  a  s t r i c t  2 2 

1 

i n t e r n a l  photochemical equi l ibr ium between OH, H and H02.  

Each r e a c t i o n  forms another  of t h e  r e a c t i v e  hydrogen 

c o n s t i t u e n t s  c r e a t i n g  a  c losed  chain.  

Table  I V  l i s t s  t h e  r e a c t i o n s ,  r e a c t i o n  r a t e s  and r e a c t i o n  r a t e  

sources used i n  the chemical c a l c u l a t i o n s  f o r  interprcLing the d a t a ,  

Although t h e  l i s t  i s  n o t  complete, i t  does encompass a l l  those  

r e a c t i o n s  thought t o  be of any q u a n t i t a t i v e  s i g n i f i c a n c e  t o  t h e  I 
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OH, H, HO, and H20 d e n s i t i e s  betrveen 50 and 100 km. Although 
L 

H202 i s  included i n  t h e  diagram and i n  t h e  t a b l e  f o r  completeness, 

i t s  q u a n t i t a t i v e  e f f e c t  upon OH, H and H 0 2  w a s  found t o  be 

n e g l i g i b l e  a t  a l l  a l t i t u d e s  above 65 k i lometers .  H202 i s  t h e r e f o r e  

not  included i n  t h e  photochemical s o l u t i o n .  

The t h r e e  equ i l ib r ium c o n t i n u i t y  equat ions f o r  OH, H and H 0 2  

were so lved  i n  terms of water  vapor a s  an independent variable-.  

This  i s  d i s t i n c t  from t h e  a l t e r n a t i v e  approach o f  analysing t h e  

dominant terms i n  t h e  photochemical s o l u t i o n  f o r  OH, H and H02 

which would r e s u l t  i n  a s i m p l i f i e d  system of equat ions  not  

involv ing  wa te r  vapor .  Although t h e  l a t t e r  approach i s  math- 

e m a t i c a l l y  c o r r e c t  as a  approximation, it i s  no t  p h y s i c a l l y  

meaningful h e r e  because t h e  c y c l i c a l  r e a c t i o n s  t h a t  e s t a b l i s h  

t h e  equ i l ib r ium between H, OH, and H02 c r e a t e  a dependence between 

t h e  t h r e e  s p e c i e s  such t h a t  one must a r b i t r a r i l y  choose an 
a l t i t u d e  p r o f i l e  f o r  one of t h e  r e a c t i v e  hydrogen c o n s t i t u e n t s  

i n  o r d e r  t o  draw conclusions concerning t h e  d i s t r i b u t i o n  of t h e  

remaining two. On t h e  o t h e r  hand, t h e  d i s t r i b u t i o n  of H20 i s  

c o n t r o l l e d  by f a c t o r s  which a r e  independent of t h e  hydrogen 

chemistry a s  noted  p rev ious ly  and a p h y s i c a l l y  r e a l i s  t i c  s o l u t i o n  

f o r  H 0 w i l l  r e s u l t  i n  OH, H and ti0 p r o f i l e s  based uvon t h e i r  
2  2  

u l t i m a t e  source .  

The ozone d i s t r i b u t i o n  used i n  t h e  c a l c u l a t i o n  employed an 

e m p i r i c a l l y  determined p r o f i l e  up t o  55 km (Krueger and McBride, 1968), 

connected t o  a t ime dependent photochemical s o l u t i o n  shown i n  

Figure  15 r e s u l t i n g  from t h e  c a l c u l a t i o n  of Park and London (1969). 

Also d isp layed i n  t h e  same f i g u r e  i s  t h e  t r i p l e t  P atomic oxygen 

p r o f i l e  r e s u l t i n g  from t h e  same time dependent c a l c u l a t i o n  (Park 

and London, 1969) ,  Both p r o f i l e s  correspond t o  equi l ibr ium v a l u e s  

appropriate t o  the f l i g h t  ti-me, 



The nine water vapor a l t i t u d e  d i s t r i b u t i o n s  c a l c u l a t e d  i n  

t h e  p rev ious  s e c t i o n  corresponding t o  the  t h r e e  boundary condi t ions  

on t h e  mixing r a t i o  of  H 2 0  a t  50 km, with eddy d i f f u s i o n  c o e f f i c i e n t s  of 
5 6 6 2 2 x 10 , 1 x 10 and 4 x 10 cm /sec r e s u l t  i n  a  manifold of 9 

OH d e n s i t y  p r o f i l e s .  These p r o f i l e s  were thew i n t e g r a t e d  downward t o  

determine t h e  r e s u l t i n g  OH column d e n s i t y  as a  f u n c t i o n  of 

a l t i t u d e .  Before comparing t h e s e  c a l c u l a t i o n s  t o  t h e  experimental  

r e s u l t s ,  two r e l a t i o n s h i p s  should be noted:  

(1) A n  examination of  f i g u r e s  11 t o  13 r e v e a l s  t h a t  t h e  water  

vapor  concen t ra t ion  i n  t h e  upper mesosphere i s  a  d i r e c t  

func t ion  of t h e  eddy d i f f u s i o n  c o e f f i c i e n t .  - 

(2) The equ i l ib r ium photochemistry demonstrates t h a t  t h e  

d e n s i t y  of OH is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square  r o o t  

of the water  vapor concent ra t ion .  

Therefore  it follows t h a t  an  upper l i m i t  on t h e  e f f e c t i v e  eddy 

f 
i 

f 

d i f f u s i o n  c o e f f i c i e n t  may be determined from an upper l i m i t  on t h e  
1 

i : !  1 i 
OH d e n s i t y ,  provided t h e  OH upper l i m i t  i s  low enough t o  be 

p h y s i c a l l y  meaningful. 

I n t e g r a t e d  OH p r o f i l e s  f o r  t h e  extreme d i f f u s i o n  c o e f f i c i e n t s  

cons idered  i n  t h e  s tudy  a r e  shown i n  Figures  16 ,  17 and 1 8  f o r  H 2 0  4 
mixing r a t i o s  a t  50 km of 3,  5 ,  and 7 p a r t s  p e r  m i l l i o n  along w i t h  '1 
the exper imenta l ly  determined upper l i m i t  on t h e  OH column d e n s i t y .  

This  demonstrates t h a t  t h e  experimental  upper l i m i t  i s  s u f f i c i e n t l y  
i 

low t o  exclude eddy d i f f u s i o n  c o e f f i c i e n t s  equal  t o  o r  l a r g e r  than  
6 2 4 x 10 cm / sec .  Noting t h a t  t h e  a b s c i s s a  i n  F igures  16 t o  18 i s  log; 

r i t l ~ ~ n i c ,  i t  can be seen  t h a t  as i n  t h e  case  of water  vapor ,  t h e  OH 

d e n s i t y  i n  t h e  middle and upper mesosphere i s  dependent more c r i t i c a l l y  
t 

upon t h e  eddy d i f f u s i o n  c o e f f i c i e n t  than upon t h e  p a r t i c u l a r  
e 

choice  of  a  water  vapor mixing r a t i o  a t  t h e  s t r a t o p a u s e .  I n  t h e  
6 2 

i 

d i s c u s s i o n  t h a t  fo l lows,  t h e r e f o r e ,  an upper l i m i t  of 4 x 10 c m  /sec 
L 

f o r  t h e  eddy diffusion coef f  i c i c n t  w i l l  be adopted. E 
i: 

Tlie r cca lcu ln ted  l i h o t o d i s s o c i a t i o n  rate for 1120 coupled w i t h  t l ~ c  

t ranspor t  s o l u t i o n  for waLer vapor permits a semi -quan t i t a t ive  deter- I 
I 
I 



mtnation sf the d i f f u s i o n  c o e f f i c i e n t  Power L i m i t  a s  fo l lows,  Exam- 

i n a t i o n  of t h e  water vapor mixing r a t i o  p r o f i l e s  (Figures 11 t o  13) 

r e v e a l s  t h e  Large d e n s i t y  g r a d i e n t  p resen t  a t  t h e  50 h level f o r  
5 2 = 2 x l O  cm /set, which implies  s i g n i f i c a n t l y  l a r g e r  H 8 2 

d e n s i t i e s  i n  t h e  s t r a t o s p h e r e  because of t h e  r a p i d  downward i n c r e a s e  

i n  t h e  mixing r a t i o .  However, t h i s  v i o l a t e s  t h e  c o n s t r a i n t  e s t ab -  

l i s h e d  by t h e  t o t a l  amount of water  a v a i l a b l e ,  determined w i t h i n  

l i m i t s  a t  35 krn by i n  s i t u  measurements (Masterbrook, 1968). An 

a l t e r n a t i v e  is  t o  assume t h a t  t h e  mixing r a t i o  a t  t h e  40 t o  50 km 
l e v e l  does n o t  r e p r e s e n t  t h e  t o t a l  amount of  wa te r  vapor a v a i l a b l e  

( t h a t  i s ,  a s i g n i f i c a n t  amount of water  vapor has  been removed 

between 35 and 50 km by d i s s o c i a t i o n )  and t h a t  t h e  mixing r a t i o  

is  much l e s s  t h a n  one p a r t  p e r  m i l l i o n  a t  t h e  s t r a t o p a u s e .  However, 

t h i s  conc lus ion  would r e s u l t  i n  a  mesosphere completely devoid of 

water vapor which c o c t r a d i c t s  t h e  e x i s t e n c e  of such phenomena as 

wa te r  i o n  c l u s t e r s  (Narc i s i ,  1965 , 1969; Ferguson, 1970),  and n o c t i l -  - 
ucen t  c louds  (Chapman and Kendall,  1965; W i t t ,  1969). The eddy 

5  d i f f u s i o n  c o e f f i c i e n t  must be equal  t o  o r  l a r g e r  than  5  x 10 / sec  i n  

t h e  lower mesosphere t o  s u s t a i n  those  observed phenomena. There- 

f o r e ,  w h i l e  no d i r e c t  measurement of H 2 0  e x i s t s  a t  t h e  turbo-  

pause,  t h e  i n d i r e c t  evidence i n d i c a t e s  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  
5 2 must be g r e a t e r  than  about 5 x 10 cm /sec  i n  t h e  lower mesosphere. 

It is  n o t  t h e  i n t e n t i o n  of t h t s  s tudy  t o  p r e s e n t  a  complete 

model of t h e  mesosphere, b u t  t h e  incorpora t ion  of t h e  q u a n t i t a t i v e  

r e s u l t s  i n t o  a model w i l l  s e r v e  t o  u n i f y  t h e  c a l c u l a t i o n s .  An eddy 
6 2 d i f f u s i o n  c o e f f i c i e n t  of  1 x 10 cm /see i s  adopted us ing  an H20 

mixing r a t i o  of  5  p a r t s  p e r  - m i l l i o n  a t  50 k i lomete r s .  The d i s t i n g u i s h i n g  

f e a t u r e s  of t h e  model shown in Figure 19 are:  

(1)  A column d e n s i t y  dependent e f f e c t i v e  absorpt ion  c r o s s  

s e c t i o n  f o r  0  i s  included which allows t h e  a t t e n u a t i o n  2 
of  i n c i d e n t  s o l a r  energy t o  be accounted f o r  p roper ly  i n  t h e  

c a l c u l a t i o n  of t h e  H 0 pho tod i s soc ia t ion  r a t e .  
2 

(2) The e f f e c t s  of eddy transport a r e  taken i n t o  account by a 

numerical  in t eg ra t io r s  technique, 



( 3 )  A p h y s i c a l l y  accep tab le  eddy $ i f  fus ion  c o e f f i c i e n t  i s  

used t h a t  f a l l s  w i t h i n  t h e  upper and lower bounds 

determined r e s p e c t i v e l y  by ( a )  an empi r i ca l  upper l i m i t  

on t h e  OH d e n s i t y  and (b) a  cons ide ra t ion  of  t h e  t o t a l  

a v a i l a b l e  water  vapor a t  35 km coupled w i t h  i n d i r e c t l y  

observed phenomena r e q u i r i n g  an H 0 mixing r a t i o  of 2 
approximately 1 p a r t  pe r  m i l l i o n  a t  85 k i lometers .  

The upper boundary of t h e  model w a s  chosen t o  be  85 lcm 

because t h e  l i f e t i m e  of atomic hydrogen becomes longer  t h a n  t h e  

c h a r a c t e r i s  t i c  d i f  f u s i c n  t ime near  t h i s  a l t i t u d e .  

Diurnal  v a r i a t i o n s  of OH a r e  no t  t r e a t e d  i n  t h e  c a l c u l a t i o n s  

because t h e  launch took p l a c e  about 10 minutes b e f o r e  s o l a r  i l lumina t ion  

l e f t  t h e  lower p o r t i o n  of t h e  l a y e r  (65 km) under cons ide ra t ion .  

O f  course  t h e  te rminat ion  of ozone p h o t o l y s i s  (which i n d i r e c t l y  

c o n t r o l s  t h e  OH dens i - ty) ,  occurs be fo re  the' s o l a r  f l u x  i s  e x t i n -  
0 

guished i n  a  g iven  l a y e r  a t  3100 A because of t h e  enlarged  o p t i c a l  
0 

depth  a t  t h e  peak of t h e  0 Har t l ey  bands a t  2550 A.  High t ime r e s -  
3  

o l u t i o n  s t u d i e s  by Park and London (1970) i n d i c a t e  OH volume dens i ty  

enhancements a t  65 lm of about 40 percent  above daytime va lues  a t  

t h e  t ime t h e  experiment was c a r r i e d  out .  However, t h e  enhancement 

dec reases  q u i t e  r a p i d l y  w i t h  a l t i t u d e  so  t h e  column d e n s i t y  con- 

s i d e r a t i o n s  upon which t h e  conclusions a r e  based a r e  n o t  s i g n i f -  

i c a n t l y  a f f e c t e d .  Also, t h e  changes i n  hydroxyl d e n s i t y  dur ing  t h e  

nonequi l~ ibr ium t w i l i g h t  pe r iod  a r e  a  s e n s i t i v e  f u n c t i o n  of t h e  r a t e  

c o n s t a n t s  chosen f o r  t h e  r e a c t i o n s  used i n  t h e  time i n t e g r a t i o n ,  

making q u a n t i t a t i v e  conclusions very  d i f f i c u l t .  



A f i n a l  n o t e  i n  c r i t i c i s m  concerns t h e  assumption of a  

c o n s t a n t  eddy d i f f u s i o n  c o e f f i c i e n t .  This assumption i s  most 

c e r t a i n l y  i n c o r r e c t  bu t  a t  t h e  p resen t  t i m e  t h e  d i f f u s i o n  c o e f f i c i e n t  

r e p r e s e n t s  an  undetermined problem exper imenta l ly  a s  we l l  a s  

t h e o r e t i c a l l y .  Although numerous mechanisms have been proposed 

t h a t  would provide  t h e  eddy motion, t h e  d i u r n a l ,  a l t i t u d e  and 

l a t i t u d e  dependence of t h e  r e s u l t i n g  eddies  is  unknown. The 

a l t e r n a t i v e  approach adopted h e r e  i s  t o  formulate  t h e  problem i n  terms 

of a parameter  c a l l e d  t h e  " d i f f u s i o n  c o e f f i c i e n t , "  It i s  a l s o  worth 

n o t i n g  t h a t  t h e  i n t e r p r e t a t i o n  of t h e  experimental  r e s u l t s  depends 

most c r i t i c a l l y  upon t h e  d i f f u s i o n  c o e f f i c i e n t  between 50 and 65 

k i lomete r s  which i s  a  r eg ion  s u f f i c i e n t l y  narrow t o  diminish 

l a r g e l y  t h e  a l t i t u d e  dependence of t h e  d i f f u s i o n  c o e f f i c i e n t .  



S RY AND CONCLUSIONS 

A Mike-Apache rocke t  was launched i n t o  t h e  mesosphere under I 

~ q i l i g t a t  c o n d i t i o n s  t o  s tudy  t h e  u l t r a v i o l e t  resonance f luorescence  1 
of t h e  hydroxyl  molecule wi th  a scanning spectrometer .  An upper  
l i m i t  on t h e  column d e n s i t y  of OH i s  e s t a b l i s h e d  throughout t h e  

r e g i o n  between 65 and 85 k i lomete r s ,  An a n a l y s i s  of t h e  charac-  I 

t e r i s t i c  l i f e t i m e s  of t h e  r e a c t i v e  spec ies  H20, OH, H and H02 1 
i 

al lows t h e  d i f f u s i n g  c o n s t i t u e n t s  t o  be  t r e a t e d  i n  a ??hysically I t 
I 

meaningful manner wi thout  n e e d l e s s l y  complicat ing t h e  g e n e r a l  ! 

s o l u t i o n .  I 
The p h o t o d i s s o c i a t i o n  r a t e  f o r  water  vapor i s  c a l c u l a t e d  tak-  

ing  i n t o  account  t h e  c r i t i c a l  column d e n s i t y  dependent-e of t h e  O2 

e f f e c t i v e  c r o s s  s e c t i o n  i n  t h e  r e g i o n  of  t h e  Schurnann-Runge band 

system, It i s  concluded t h a t  a  s i g n i f i c a n t  amount of water  vapor  

d i s s o c i a t i o n  occurs  down t o  t h e  bottom of t h e  mesosphere. This  r e -  

s u l t ,  i n  con junc t ion  w i t h  t h e  eddy d i f f u s i o n  c a l c u l a t i o n s ,  demon- 

s t r a t e s  t h a t  a wa te r  vapor mixing r a t i o  on t h e  o rde r  of 1 p a r t  p e r  

m i l l i o n  a t  80 km requ i red  by t h e o r i e s  of n o c t i l u c e n t  

c louds and w a t e r  vapor ions  , r e q u i r e s  an  eddy d i f f u s i o n  c o e f f i c i e n t  
5 2 equa l  t o  o r  l a r g e r  than  5 x 10 cm /sec .  It i s  shown t h a t  i n  g e n e r a l ,  

f o r  a g iven  1120 mixing r a t i o  a t  t h e  mesopause, t h e  l a r g e r  d i s s o c i a t i o n  

r a t e  a t  t h e  s t r a t o p a u s e  p laces  a s i g n i f i c a n t l y  l a r g e r  burden on I 

t h e  t r a n s p o r t  processes  i n  t h e  mesosphere, I 
The c r i t i c a l  need f o r  an a c c u r a t e  de terminat ion  of  t h e  H 2 0  

d e n s i t y  a t  t h e  mesopause i s  accentuated by t h e  above conclusions 

because an e ~ i ~ p i r i c a l l y  determined mixing r a t i o  a t  80 krn of 5 x l o a 8  
o r  l a r g e r  w i l l  p rovide  important  c lues  t o  t h e  t r a n s p o r t  processes  

opera t ing  i n  t h e  upper atmosphere. 

The OH column d e n s i t y  i s  demonstrated t o  be a  d i r e c t  func- 



t fon  of the eddy d i f fus ion  coef f ic ien t  and the experslfnental deter-  

mination of the  OK column density upper l i m i t  i s  shown to  constrain 
6 2 the  d i f fus ion  coef f ic ien t  t o  values l e s s  than 4 x 10 cm /sec i n  the 

lower mesosphere. Guided by these r e s t r i c t i o n s  on the  eddy diffu-  

s ion  coef f ic ien t ,  a  model fo r  mesospheric H 2 0 ,  OH, H  and NOp 
6 2 is presented using a diffusion coef f ic ien t  of I x 10 cm [sec and an 

H20 mixing r a t i o  a t  50 km of 5 par ts  per mill ion.  
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F 1 Compar i son  of Rocket  Data to Background Con-  
s t r u c t e d  U s ing  Spec t rog raph ica l ly  M e a s u r e d  So la r  
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Fiydroxyl Column Clni s sion Rate IJ pper L imi t  
Betwee~z 65 and 85 krn. 



F i g  * 3 Hydroxyl Column Dens i ty  Upper  Lirnit Re tween 
65 and 85 knr. 



ABS8WPTION CROSS SECTION 
OF O2 AND H20 
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Fig .  4 Schematic of the Absorption G r o s s  Sections for 

H 0 and O2 (Watanabe,  1958). 
2 



F i g *  5 The Effect ive C r o s s  Sect ion  of O2 a s  a Function 
of N t i t u d e  in t h e  Earth' s Atmosphere Dcterrnincd 
in the  Laboratory by Hudson ct a l .  (1969)  for I'oyr 
Wave leng th  In tervals  Between 1750 and 1 7 8 2 . 6  A. 



F i g .  6 The Effective Cross  Section of O2 a s  a I'unction 
of hltitucic i n  t h e  Earthi s Atmosphere Determined 
i n  tlie Laboratory by Hudson ct 21. (19G9) for Four 
Wdveleligtil intervals I3ctwci.n 1 7 8 7 . 6  cincl 1 0 3 0 . 9  A .  



Fig .  7 The Effective Cros s  Section of O2 a s  a Function 
of Altitude in  the Earth's Atmosphere Determined 
i n  the Laboratory by Hudson ct al, (1969) for 
Tour Wavelength Intcrvnl s Between 1830.9 and 
~ 9 0 3 , " 1 .  



VARIATION OF EFFECTIVE CROSS 
SECTION WITH ALTITUDE 

F i g .  8 The Effective C r o s s  Section of O2 a s  a Function 
of Altitude i n  t h e  Earth 's  At~nosphere  Determined 
in t h e  Laboratory by Eiudson et a l .  (1969) for 
Three Wgvelength Intervals  Between 1903 .4  a n d  
k973 ,4  A. 



F i g .  9 



F i g .  10 Water vapor photodissociation r a t e  from Figure 9 sununed, 

cor-i-rpared to t he  d i s s o c i a t i o n  r a t e  us ing  a Low resolution 

survey in the Schumann-Runge Band System, Also d i - sp layed  

1s the loss coefficient resulting from the reaction between 
1 

O (  11) and w a t e r  vapor ,  



MIXING RAT10 IN PARTS PER MILLION 

Fig .  11 Diffus ion  Solut ion fo r  H 0 Using  a Mixing  Rat io o f  3 x a t  50 knl, 2 





MIXII\lG RATIO IN  PARTS PER MILLION 

-6 
Fig.  13 Diffusion Solution for H20 Using a Mixing Ratio of 7 x 10 a t  5 0  km. 



Scher~latic of the Hydrogen Reaction Scheme 



3 F i g  15 Volu~ne Density Profiles of Ozone and 0( P)  (Park and London, 1 9 6 9 ) .  
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F i g .  19 I\lodel of t h c  r e a c t i v e  hydroy,cn c o l ~ s t i t u c n t s  between 65 and 
6 2 85 l i~n  f o r  an eddy d iLfus ion  c o e f f i c i c u t  of 1 x 10 cm / sec  

- - - 6  . ,, , 


